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Abstract Manila clams, Ruditapes philippinarum, re-
moved from their natural environment and maintained
for 9 weeks in continuously immersed conditions ex-
hibited a clear endogenous circatidal rhythm in oxygen
consumption. The clams exhibited a semidiurnal rhyth-
micity in oxygen consumption after showing a diurnal
pattern in the first few days (5 to 7 d) of the experiment.
The results of the present study indicate that activity
rhythms of clams are controlled not only by exogenous
factors, but also by an endogenous circatidal periodicity.
Introduction
Tidal fluctuations aect the biorhythms of intertidal
organisms. Tidal rhythms have been found in nearly all
groups of marine organisms (Enright 1975; Bu¨nning
1977; Naylor 1985; Palmer 1995). Many researchers
have attempted to demonstrate the existence of endog-
enous circatidal rhythms in bivalve molluscs and found
rhythmicities in filtration rate or feeding-behaviour as
reviewed by Ameyaw-Akumfi and Naylor (1987). Rao
(1954) reported that the mussels Mytilus edulis and
M. californianus, transported over a distance of 5000 km
and kept in constant laboratory conditions, maintained
their propulsion (i.e. filtration rate) rhythm over 3 weeks,
which corresponds with the tidal pattern at the collec-
tion site. However, subsequent attempts by several sci-
entists to replicate these results have been unsuccessful
(Jørgensen 1960; Theede 1963; Davids 1964; Ameyaw-
Akumfi and Naylor 1987).
There have been numerous reports on endogenous
circatidal rhythms in the patterns of behaviour and
physiology of marine organisms, as reviewed by Palmer
(1995). Nevertheless, many of the findings so far are
inconclusive in that they lack substantial evidence on the
metabolic processes of marine animals. Most studies on
the activity rhythms of tidal periodicity have only been
conducted for a few days after collection, and were
hindered by the lack of proper methodology and tech-
nical diculties in determining oxygen consumption
using conventional respirometers (Kim et al. 1996,
1997). The recently introduced automatic intermittent-
flow-respirometer (AIFR) has improved capabilities of
correlating oxygen uptake with defined activity patterns
of marine organisms. Ameyaw-Akumfi and Naylor
(1987) stated that ‘‘hitherto published evidence of the
presence or absence of endogenous activity rhythms in
bivalve molluscs is equivocal’’ and ‘‘there is little evi-
dence for clear-cut endogenous rhythmicity not only in
mytilids but also in other bivalves’’. Many other re-
searchers have also made similar statements (Bayne et al.
1976; Hawkins et al. 1983; Morton 1983).
In the present study, Manila clams, Ruditapes phil-
ippinarum, removed from their natural environment
were investigated to observe endogenous circatidal
rhythms in oxygen consumption; measurements were
taken with an AIFR after holding in the laboratory
under continuously immersed conditions for 9 weeks.
Materials and methods
Collection and maintenance
The Manila clams, Ruditapes philippinarum, used in the study were
collected on 7 March 1997 from an intertidal zone in Garolim Bay
(36° 58¢ N; 140° 20¢ E), Yellow Sea, Korea. The collection site has
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very strong tidal movements, exhibiting a mixed semidiurnal pat-
tern with unequal amplitudes (Kang et al. 1998). The sampling area
is aerially exposed during low tide for 4 to 5 h, and the mean tidal
range is 5.5 m. The collected clams were transported to the labo-
ratory and kept under continuously immersed conditions for
9 weeks in a net container with sediment positioned at the surface
of a 500 liter tank. Three-year-old Manila clams (age determined
by winter growth rings) used in this study were kept at 16 and
17 °C for 5 weeks and then held at the experimental temperature of
18 to 19 °C for 4 weeks in constant laboratory conditions, under
12 h light:12 h dark. The clams were fed once every 3 d with cul-
tured marine algae (Nannochloris sp.) during the 9 weeks before the
experiments, but not fed during the experiments. Eighteen clams
[3.2  0.18 (mean  SD) cm shell length, 0.5  0.12 g dry weight
(DW)] were used in six replicate experiments, with three clams
being put in a respirometer chamber at a time. The individuals
tested were kept in darkness at a constant temperature of 18 to
19 °C (SD = 0.1 to 0.2). At the end of the tests, individuals were
sacrificed, the flesh removed, dried in an oven at 80 °C until con-
stant weight was reached and weighed to the nearest 0.1 g.
Experimental design
Measurements of oxygen consumption were conducted for 8.8 d
(211.0 h) to 14.8 d (354.5 h). The oxygen consumption rate was
measured by AIFR (one system with two chambers). Experimental
water was filtered free of bacteria through sterile membrane filters
(with two Sartorius capsule filters, input 0.2 lm and output
0.07 lm). Oxygen levels in the experimental chamber (300 ml) were
maintained between 85 (lowest) and 95% (highest) saturation to
minimize any physiological stress caused by hypoxia. No mea-
surements were made while flushing the chamber with oxygen-
saturated seawater from a storage tank (20 liter) to restore the
oxygen saturation level to 95%. When the oxygen level dropped
below the predetermined limit, the magnetic drive gear pump and
three-way magnetic valve (332F, Nortec, Germany) supplied the
system with saturated seawater until the selected oxygen level was
reached. After each experiment, the chamber was rinsed with ox-
ygen-saturated water and the probe voltage was examined to as-
certain whether it had deviated from the gauge voltage at the
beginning of the experiment. After calibration of the oxygen probe
(15 l PO2, Eschweiler, Germany), the measuring system was
started and the experiment was controlled automatically by a
computer program. Measurements were conducted in a darkened
incubator (RI-50-1060, REVCO, USA) with constant conditions
(18 to 19 °C). A magnetic drive gear pump (MS-Z, Ismatec Sa,
Switzerland) produced horizontal water flow rates of 345 ml min)1.
Each second, the oxygen level was recorded by the digital con-
trolling unit through a picoammeter. Mean oxygen consumption
values for the test organisms were calculated and displayed
graphically at 90 s intervals. Data readings, including local and
experimental time (seconds), temperature (°C), air pressure (hPa),
oxygen consumption (ml O2 h)1) and oxygen levels (%), were
stored directly on a hard disk for future analysis. More detailed
descriptions of calculation methods and a schematic illustration of
the apparatus are given in Kim et al. (1996, 1997).
Analysis of oxygen consumption records
Rhythmicity of oxygen consumption was determined by a maxi-
mum entropy spectral analysis (MESA) program using raw data
transformed into 10 min lag intervals. Time series were analyzed for
periodicity using MESA spectra following the procedures and
algorithms described by Dowse and Ringo (1989). The analysis of
oxygen consumption rhythms was performed using the weighted
smooth curve procedure of 2%. To plot a best fit smooth curve
through the center of the data, the locally weighted least squares
error method was used (KaleidaGraphy custom program for
Macintosh, Synergy Software). The value of 2%, obtained from the
repeated tests, showed a best fit curve. Statistical values were com-
puted for each batch from the data points measured (Tables 1, 2).
Results
Throughout the six experiments, with varying durations
of 9 to 15 d, the Manila clams showed similar patterns
of rhythmicity; they exhibited a diurnal rhythm in the
first few days (5 to 7 d) and semidiurnal thereafter
(Table 1; Fig. 1). The results of two experiments cover-
ing 10.4 and 14.8 d are presented here as they showed a
more pronounced pattern and longer time spans of the
semidiurnal rhythm. The four additional replicate ex-
periments of shorter duration corroborated the results of
the two presented in detail, although they showed a
semidiurnal periodicity of only 48 to 108 h after exhib-
iting arrhythmicity to diurnal rhythmicity for 5 to 6 d
during the first phase of the experiments. The oxygen
consumption rates of clams (n = 3) measured from 20
May through 3 June 1997 were fitted to a weighted
Table 1 Ruditapes philippinarum. Duration and measured points of
six experiments by the three fasted Manila clams measured for
211.0 to 354.5 h. Average shell length per individual was 3.2 cm
(SD = 0.18). Clams (n = 18) tested were kept in constant dark-
ness at 18 and 19 °C, 31.0 to 31.5& salinity, oxygen levels of 85 to
95% and a flow rate of 345 ml min)1 during the six experiments.
Experiments V and VI are discussed in the text
I II III IV V VI
Duration of the experiment (h) 211.0 211.3 213.8 249.5 249.8 354.5
Number of points measured 5 960 6 203 6 319 7 870 7 646 10 676
Duration of semidiurnal rhythm observed 77 h 48 h 108 h 108 h 118 h 192 h
Table 2 Ruditapes philippinarum. Duration of experiment and
rates of oxygen consumption by the three Manila clams measured
for 14.8 d (354.5 h). Clams were kept at 18.7  0.12 °C. A, B and
C represent dierent patterns of displayed by the clams during the
experiment, ‘‘stress’’, ‘‘diurnal pattern’’ and ‘‘semidiurnal pattern’’,
respectively. Statistical values were computed for each batch from
the 1321 to 5753 data points measured. Values are mean  SD
A B C
Duration of the experiment (h) 46.4 116.1 192.0
Number of points measured 1 321 3 602 5 753
Mean oxygen consumption rate (ml O2 g
)1 DW h)1) 1.13  0.30 0.73  0.21 1.21  0.23
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smooth curve of 2% (Fig. 1). The oxygen consumption
rates were highly variable, ranging from 0.18 to 2.06 ml
O2 g
)1 DW h)1. The oxygen consumption rates during
the first 1.9 d (46.4 h) were high, possibly due to the
initial handling stress (Fig. 1, A). Thereafter, the in-
stantaneous rates of oxygen consumption exhibited di-
urnal patterns during the first few days (Fig. 1, B) and
semidiurnal patterns thereafter (Fig. 1, C). The semidi-
urnal pattern was temporarily suspended for about 1 d
between Day 10 and 11 after the onset of the experiment
(Fig. 1, D). The mean (SD) oxygen consumption rates
of the fasted Manila clams during the three dierent
periods shown in the 14.8 d experiment were 1.13 
0.30, 0.73  0.21 and 1.21  0.23 ml O2 g
)1 DW h)1,
respectively (Table 2). The magnitude of the mean ox-
ygen consumption rates appeared to coincide with in-
creasing temperature in the experimental apparatus
(Fig. 1).
Oxygen consumption rates of clams (n = 3) tested
from 4 through 14 June 1997 are illustrated in Fig. 2.
The oxygen consumption rates during the first 5.5 d
were highly variable and arrhythmic (Fig. 2, A), ranging
Fig. 1 Ruditapes philippinarum.
Tidal period from 19 May to 4
June 1997 on the west coast of
Korea near the sampling site
(upper panel), and time series of
oxygen consumption rate (ml
O2 g
)1 DW h)1) by three fasted
Manila clams (3.2  0.15 cm),
over 14.8 d (354.5 h) (lower
panel). The clams were kept in
constant darkness at
18.7  0.12 °C and oxygen
levels of 85.3 to 94.9%. Curves
of mean oxygen consumption
and temperature were fitted to a
weighted smooth curve of 2%.
A, B, and C represent dierent
patterns displayed by clams
during the experiments, i.e.
‘‘stress’’, ‘‘diurnal pattern’’, and
‘‘semidiurnal pattern’’, respec-
tively, and D is a temporarily
interrupted pattern. Dots rep-
resent mean oxygen consump-
tion rate at 90 s intervals
Fig. 2 Ruditapes philippina-
rum. Tidal period from 4
June to 15 June 1997 on the
west coast of Korea near the
sampling site (upper panel),
and time series of oxygen
consumption rate (ml O2 g
)1
DW h)1) by three fasted
Manila clams
(3.3  0.12 cm), over 10.4 d
(249.8 h) (lower panel).
Clams were kept in constant
darkness at 18.9  0.16 °C
and oxygen levels of 85.3 to
94.9%. A and B represent
dierent patterns displayed
by clams during the experi-
ments, i.e. ‘‘irregular pat-
tern’’ and ‘‘semidiurnal
pattern’’, respectively
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from 0.28 to 2.00 ml O2 g
)1 DW h)1 during 5.5 d
(132.0 h). Thereafter, the instantaneous rates of oxygen
consumption exhibited a semidiurnal pattern of 12.6 h
rhythmicity (Fig. 2, B). The semidiurnal pattern was
temporarily suspended again for about 1 d between Day
5 and 6 after the onset of the experiment. The mean
oxygen consumption rates of the fasted Manila clams
during the two periods of the 10.4 d experiment were
1.10  0.30 and 1.34  0.19 ml O2 g
)1 DW h)1, re-
spectively (Table 3).
MESA plots for the data presented in Figs. 1(B, C)
and 2(B) are shown in Fig. 3. The peaks of oxygen
consumption over 2.5 to 7.5 d (Fig. 1, B) mainly oc-
curred at 24.1 h intervals, which corresponds with a
circadian rhythm (Fig. 3A), while the peaks of oxygen
consumption from 7.5 to 14.8 d (Fig. 1, C) occurred in
12.5 h intervals, which corresponds with a circatidal
rhythm (Fig. 3B). The MESA spectra of Fig. 2(B) also
shows that peaks of oxygen consumption occurred at
12.1 and 12.6 h intervals (Fig. 3C).
Discussion
There have been numerous examples of tidal-based
rhythmic activities in marine organisms. However, much
of the documented evidence for the endogenous rhythm
in oxygen consumption of bivalves appears to be in-
conclusive. Conclusions of previous researchers have
mainly been based on direct observation of the free-
running activity rhythms of shore animals, e.g. swim-
ming speed, shell-opening, phototaxis, body-color
change, rate of water propulsion, etc. Evidence of en-
dogenous rhythms in metabolic rate, as measured di-
rectly by respiration rate of marine bivalves, is rare.
Tidal rhythm of adductor activity in the intertidal
bivalve Scrobicularia plan was lost upon constant im-
mersion (Odiete 1976). Ameyaw-Akumfi and Naylor
(1987) found some evidence of weak circadian rhyth-
micity of shell-gaping in the mussel Mytilus edulis
maintained continuously immersed for 120 to 200 h.
Naylor (1976) and Ameyaw-Akumfi and Naylor (1987)
believe that the rhythmicity of intertidal organisms, es-
pecially sessile species, is likely to be an exogenous
rather than endogenous response to tidal fluctuations
because there would be little adaptive advantage for
sessile species to develop anticipatory responses to the
rise and fall of tides. Based on their review of the
literature in the field, Beentjes and Williams (1986) also
indicated that the tidal rhythms in bivalves are mainly
controlled by exogenous factors and not by intrinsic or
endogenous clocks, with the exception of the cockle
Chitone stuchburyi. The New Zealand cockle has been
found to exhibit an endogenous circatidal rhythmicity in
shell-gaping and valve movements persisting for 20 tidal
cycles.
In the present study, the Manila clams showed a
circadian rhythmicity (Fig. 1, B) after a brief period of
arrhythmicity (Fig. 1, A) during the first few days (3 to
7 d) of the experiments. The clams then exhibited a
circatidal rhythmicity, which corresponds with a semi-
Table 3 Ruditapes philippinarum. Duration of experiment and
rates of oxygen consumption by the three Manila clams measured
for 10.4 d (249.8 h). Clams were kept at 18.9  0.16 °C. A and B
are time periods when ‘‘irregular patterns’’ and ‘‘semidiurnal pat-
terns’’ were displayed by the clams. Statistical values were com-
puted for each batch from the 3501 to 4145 data points measured.
Values are mean  SD
A B
Duration of the experiment (h) 132.0 117.8
Number of points measured 4 145 3 501
Mean oxygen consumption rate (ml O2 g
)1 DW h)1) 1.10  0.30 1.34  0.19
Fig. 3 Ruditapes philippinarum. A, B and C Maximum entropy
spectral analysis (MESA) spectra for the three fasted Manila clams
represented in Figs. 1(B, C) and 2(B), respectively. Period lengths (h)
corresponding to the dominant peaks in the MESA plots are given in
parentheses
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diurnal periodicity of 12.1 to 12.6 h (Fig. 3B, C). The
arrhythmicity of the oxygen consumption in the initial
days may have been caused by stress due to ‘‘handling’’
(Northcott et al. 1990; Reubush and Heath 1996; Wa-
ring et al. 1996). The circadian rhythmicity, with peaks
of oxygen consumption at 22.3 to 24.1 h intervals, may
have been aected by the presence of a light/dark cycle
but no tidal cues under laboratory conditions (12 h
light:12 h dark) during the captivity period of 9 weeks
before the experiments. The initial diurnal rhythm could
have been entrained by the L/D cycle in the laboratory.
Rhythms or activities of intertidal animals in the first
few days after collection often reflect the environmental
conditions of their previous habitat. Holmstro¨m and
Morgan (1983) found that the swimming pattern of the
intertidal amphipod Corophium volutator persisted for 3
to 6 d when kept in the laboratory, but storage of in-
dividuals for longer periods caused arrhythmicity. It
appears, therefore, to be important that animals being
tested for rhythmic activity be kept for over a week
under constant conditions.
The circatidal rhythmicity in oxygen consumption
observed in the present study appears to be clear evi-
dence of an endogenous mechanism, as the activity was
exhibited by clams which were kept in the laboratory for
more than 9 weeks under nontidal conditions. Further-
more, the oxygen consumption pattern of the clams
appeared to be closely related with the tidal cycle at the
collection site, as the peaks in the experiments were
similar to the tidal patterns in the field, although un-
equal semidiurnal amplitudes lagged slightly (up to 3 h)
behind the times of high and low tides in the field
(Figs. 1, 2). The collection site, Garolim Bay on the
southeastern coast of the Yellow Sea, has very strong
tidal movement and a maximum tidal range of 7 m, with
mixed semidiurnal M2 tides (Kantha et al. 1996; Kang
et al. 1998).
The semidiurnal periodicity was temporarily inter-
rupted for about 1 d during the experiments (Fig. 1, D).
Possible reasons for this irregular rhythmicity were not
pursued experimentally, although it may be due to the
switching of energy sources by the fasted clams, pre-
sumably from carbohydrates to alternative sources as
seen in perch (Mehner and Wieser 1994) and spotted sea
bass (Kim et al. 1998).
The Manila clam is known to have a semidiurnal
periodicity in the formation of shell growth bands
(Richardson 1988). The endogenous circatidal rhyth-
micity in oxygen consumption by Manila clams
observed in the present study may explain how the
micro-growth bands are formed in intertidal bivalves.
Clams are known to be exceedingly sensitive to very
small vibrations and temperature changes; they suddenly
stop filtering when a door is slammed 50 m down the
hall (J.T. Enright, personal communication). The tem-
perature variations in the experimental chamber during
the present study were less than 1 °C, i.e. 18.5 to 18.9 °C
during Experiment VI (Fig. 1) and 18.7 to 19.1 °C in
Experiment V (Fig. 2). The oxygen consumption of the
clams appeared to coincide with the gradual increase of
temperature in the chamber. It is believed, however, that
the observed increase of temperature (0.4 °C over the
period of 11 to 15 d) was not great enough to aect the
rhythmicity of the clams. The AIFR used in the present
study is a well-suited device to monitor this kind of
subtle response, as it allows long-term measurements by
providing relatively constant oxygen levels and temper-
ature in the experimental chamber through an auto-
mated flushing system.
The results of the present study provided clear evi-
dence of an endogenous circatidal rhythm in the oxygen
consumption of Manila clams. During the experiments,
a behavioural shift occurred in the clams; first a diurnal
(unimodal) rhythm was exhibited for the initial 5 to 7 d,
and a semidiurnal rhythm thereafter.
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